Endogenous markers of kidney function are insensitive to early declines in glomerular filtration rate (GFR) and in rodent models, validated, practical alternatives are unavailable. In this study, we determined GFR by modeling the plasma clearance of two compounds, iohexol and inulin, and compared the findings to common endogenous markers. All plasma clearance methods of both iohexol and inulin detected a decline in renal function weeks prior to any increase in endogenous marker. Iohexol plasma clearance and inulin plasma clearance had a very high agreement and minimal bias when using 12-sample models. However, only iohexol could be accurately simplified to a two-sample, one-compartment estimation strategy. Following an IV injection of low-dose iohexol and two timed blood samples at 30 and 90 min, one can accurately approximate a complex 12-sample strategy of plasma clearance. This method is simple enough to use in routine, longitudinal analysis of larger cohort animal studies.
Introduction
The delayed rise in plasma creatinine or urea is well known to result in an underestimation of declines in kidney function, particularly at early stages (Morgan et al. 1978; Levey 1990; Katayama et al. 2011 ). Despite their limitations, endogenous biomarkers of kidney function, such as creatinine and urea, are widely used to evaluate kidney function in experimental models. The gold standard methodology for measuring glomerular filtration rate (GFR), both in humans and in animal models, is the urinary clearance of inulin (Levey 1990; Shobeiri et al. 2013 ). This method is rarely used clinically (White et al. 2008; Eknoyan et al. 2012 ) and experimentally, likely due to the technical difficulty, cost, or feasibility of use in repeated measures.
Plasma clearance (PC) of an exogenous substance to estimate GFR is much simpler than urinary clearance and is more accurate than endogenous biomarkers (Brøchner-Mortensen 1985) . Following a single injection of exogenous markers (such as iohexol or inulin), plasma clearance can be determined from the decline in plasma concentration over time (i.e. the, area under the curve [AUC] ) and the dose (D) injected (PC = D/AUC) (Peters 2003) . However, the accuracy of PC is highly dependent on both the timing and the number of sample points used to define the area under the curve (AUC) (Peters 2003; Murray et al. 2013) . To provide an alternative to creatinine and urea in experimental research, plasma clearance method needs to be more practical as well as accurate. Iohexol is an inexpensive and readily available marker that has been used clinically to evaluate GFR (Soveri et al. 2014) , however, the ideal protocol has yet to be established for rat models.
Using an longitudinal adenine-induced model of CKD, this study sought to (i) compare GFR measurements using inulin and iohexol PC to commonly used endogenous markers (creatinine, urea, and cystatin-C); (ii) determine the impact of sample timing and model choice on the accuracy of the PC of iohexol and inulin; and (iii) investigate how a reduction in the number of samples used in estimation would affect accuracy.
Materials and Methods

Literature search
We wanted to examine the prevalence of various renal function assessments in recent experimental rat studies. A computer bibliographic search of the OVID MEDLINE database was done to identify potentially relevant articles. The search included four search terms: 'acute kidney injury', or 'chronic renal insufficiency', or 'renal hypertension', and 'rats', limited to English-language papers published from 2014 to present (July 4, 2016) . This search returned 571 hits. The following were excluded: 55 were either repeats or nonaccessible, 21 were review articles, and 102 did not measure kidney function. The literature review is based on the remaining 392 research articles.
Experimental animals and GFR assessment
Male Sprague-Dawley rats (N = 8: Charles River, Quebec) were aged 11-13 weeks and weighed 400-475 g at the experimental start. Progressive kidney disease was induced using a previously described 0.25% adenine diet over 5 weeks (Shobeiri et al. 2013) . All experiments were performed in accordance with the Canadian Council on Animal Care and approved by Queen's University Animal Care Committee. Before commencement of the adenine diet and each subsequent week (5 weeks), the kidney function of each rat was evaluated via a standard protocol. Under light anesthesia with isoflurane (5% induction, 1.5% maintenance in 1 L/min O 2 ), dialyzed fluorescein isothiocyanate (FITC)-tagged inulin solution (Sigma Aldrich, 2.5 lL/kg of BW) and iohexol (Omnipaque 300; 25.9 mg/kg of BW), separated by 200 lL of 50 lIU/mL of heparinized saline, were serially injected into the tail vein to ensure 100% bioavailability. Preliminary studies showed no impact of serial injection or order of injection on clearance. Following injection, rats were immediately removed from anesthesia and gained full consciousness within 5 min. Saphenous vein blood samples of 140 lL via heparinized capillary tubes were taken at 12 time points following injection: 0, 2, 5, 10, 20, 30, 60, 90, 120, 180, 240 , and 300 min.
Preparation and quantification of FITC-Inulin
Preparation and measurement of FITC-Inulin solution were modified from Qi et al. (2004) . A 5% FITC-inulin solution was made by dissolving 0.5 g of FITC-Inulin (Sigma-Aldrich) in 10 mL of 0.85% sodium chloride solution. In order to achieve full solubility, the solution is heated to at most 80°C, higher temperatures compromise stability. To remove residual unbound FITC, the solution was dialyzed in 1.8 L of 0.85% sodium chloride at room temperature for 24 h using 1 kDa dialysis membrane (Puralyzer Mega 1000 Dialysis Kit with 10-15 mL cap) as per instructions. Due to the risk of photobleaching with FITC-inulin, the dialysis apparatus, as well as all storage containers for the FITC-inulin solution were shielded from light. The new concentration (mg/mL) of FITC-inulin was calculated based on the volume change in the dialysate and stored at 4°C. Each week, a new solution of FITC-inulin was made and the concentration of the solution was 39.2 AE 2.80 mg/mL. The solution was sterilized by passage through a 0.20 lm filter (Filtropur) directly before experimental use. Dose of inulin was determined by measuring sterile filtrate on the assay described below, such that if the sterile filtration effected dose concentration, it would be accounted for. FITC-inulin concentrations were quantified in rat plasma using fluorescence relative to serial dilutions of a known concentration. The standard curve consisted of 10 dilutions of the stock dialyzed solution from 1:200 to 1:100,000. As pH significantly affects fluorescence (Lorenz and Gruenstein 1999) , plasma samples were buffered to 7.4 using 500 mmol/L HEPES (Sigma-Aldrich). Titrated samples and standards were loaded on a 96-well flat bottom solid black plate and measured using a 96-well plate fluorometer (BIO-TEK KC4V3.3, Vermont) with 485-nm excitation and read at 528-nm emission. In each standard well, there was 60 lL of 500 mmol/L HEPES, 12 lL of standard, and 12 lL of control rat plasma. In each sample well: 60 lL of 500 mmol/L HEPES, 12 lL of sample rat plasma, and 12 lL of 0.85% sodium chloride solution. with a regression coefficient of 0.999 between fluorescence counts and inulin concentration was achieved.
Quantification of iohexol
A 10-point calibrator (1-400 lg/mL) was generated inhouse by spiking synthetic iohexol (Toronto Research Chemicals) into pooled human serum. Samples were extracted using a modification of the method of Annesley and Clayton (2009) (Optima, Fisher) , each supplemented with 0.1% (v/v) glacial acetic acid (Sigma Aldrich). Duplicate 10 lL injections were analyzed for each sample. Separation was conducted using a linear gradient elution of 5-80% mobile phase B over 3 min at 400 lL/min, on a Waters HSS-T3 column (1.7 lm; 2.1 9 100 mm) maintained at 40°C. Iohexol and iohexol-d5 internal standard were detected in electrospray positive mode using MRM transitions m/z 822.0? 804.1 and m/z 827.0?809.1 with the following optimized settings: capillary; 3 kV, cone: 64 V, collision; 17 eV.
Calibrators were aligned to the LC-MS/MS method of the University of Minnesota Medical Center-Fairview via sample exchange. Seven quality control samples ranging from 5 to 400 lg/mL iohexol were analyzed up to three times on each of 12 days. Intraassay CVs ranged from 5 to 7%, and interassay CVs ranged from 2 to 8%. Iohexol concentration in quality control samples exhibited a mean bias of À0.8% (range À6 to 5%) as compared to University of Minnesota reference values, with a lower limit of quantification of 0.2-0.5 lg/mL. Iohexol can also be quantified using high-pressure liquid chromatography (Krutz en et al. 1985) , iodine quantification (B€ ack et al. 1988) , and X-ray fluorescence (Gr€ onberg et al. 1981) .
Endogenous marker quantification
Creatinine was evaluated via the Jaffe method and urea via a spectrophotometric assay (QuantiChrom ™ Creatinine/Urea Assay Kit, Bioassay Systems). Cystatin-C was quantified using an ELISA (Quantikine â ELISA, Mouse/ Rat Cystatin C Immunoassay, R&D systems).
Pharmacokinetic analysis
PC was calculated by dividing dose (ng) by the estimated area under the curve.
Trapezoidal approximation
For this method, the sum of all trapezoids generated across the sample time points (minus background) was used (Chiou 1978) . If the concentration of the marker had not declined sufficiently (<0.5 lg/mL), the remaining section was determined by a log-linear extrapolation to 0.5 lg/mL, as required ( Fig. 1A )
Two-compartment model
This model considers the alpha and beta phase of clearance and is modeled by a biexponential decay with the plateau set to 0 lg/mL ( Thus, the PC is calculated as
One-compartment model
This model only considers points after the first phase of clearance has ended ( Fig. 4C ) (Peters 2003) . The log-linear slope during the beta phase begins to change at 30 min (Table S1 ), so only time points from 30 min onward were included. This is modeled as a singleexponential decay with the plateau set to zero (Fig. 1C ).
Plasma concentration =Be
Àbt Thus, PC is calculated as
Two-sample one-compartment model
The following derived formula was used to calculate the PC from two samples where I = dose (lg), c = concentration (lg/mL), and t = time from injection the sample was taken:
Statistics were performed using GraphPad Prism (V6). 
Analysis
Weekly PC values and endogenous plasma concentrations of creatinine, urea, and cystatin-C were compared to week 0 using a repeated measures one-way ANOVA to evaluate the ability of each biomarker to detect an early change in GFR. In order to visualize the predictive value of each endogenous biomarker and iohexol plasma clearance, each marker of kidney function was normalized to inulin trapezoidal PC (Fig. 2F-J) . Each point on the graph is representative of one animal at each week during the study. The mean value at week 0 of each biomarker was defined to be representative of 100% kidney function. Using trapezoidal approximation of inulin plasma clearance as the reference method, all individual inulin data points were evaluated as a percent of that value (115.4-23.8%). Each endogenous biomarker and iohexol plasma clearance (trapezoidal) were assumed to be representative of 100-23.8% of kidney function, an estimation based on inulin plasma clearance. The kidney function estimated by inulin plasma clearance as a reference method and the % estimated by the biomarker or iohexol were plotted against each other. An F-test was employed to determine whether a straight line or sixth-order polynomial fit the data better and the result was plotted.
Inulin plasma clearance was chosen as a reference measure as in a rat (Sturgeon et al. 1998 ) and mouse models (Qi et al. 2004) , and inulin PC via a two-compartment model exhibited high agreement with inulin urinary clearance with minimal bias. The trapezoidal approximation of PC is used as a reference method because this approach is not prone to modeling errors, and the large number and high density of samples used in this study make it very accurate.
Linear regressions were done between all PC models of both inulin and iohexol to evaluate agreement. Bias or absolute bias was calculated as reference method-comparative method. Precision is reported as the standard deviation of bias. The % bias is calculated by dividing the absolute bias by the mean of the two measures. Accuracy is the percentage of sample values with a % bias of <10 or 15.
Results
An OvidMedline search of the last 2 years (2014-current) revealed 392 published studies involving rats filed under the MeSH headings "acute kidney injury", "chronic kidney disease", and "hypertension-induced nephropathy". Of these 392 studies, the majority (92%) assessed and reported kidney function using endogenous markers, such as creatinine (blood or urinary) or urea, exclusively. Most (52%) based their assessment only on serum or plasma measurements. Thirteen percent measured only blood creatinine or urea, 34% measured both, and 5% included analyses of cystatin-C, uric acid, and the nitrate-to-nitrite ratio. Thirty-nine percent of studies supplemented serum and plasma endogenous markers with urine analysis of urea, protein, or creatinine, including the calculation of creatinine clearance. Of the 392 studies, 27 (6.8%) of the published studies in this literature search used exogenous markers to determine GFR. Twenty-one of these studies used constant infusion of inulin followed by measurements of urinary clearance. Other methods included urinary clearance of infused 51 Cr-EDTA and plasma clearance of inulin or 99 Tc-DPTA after a single injection. No studies have used iohexol clearance as a measure of renal function to evaluate study outcomes.
Endogenous marker and PC profiles as kidney function declines
The profile of the weekly change in each biomarker as CKD was generated over 5 weeks is presented in Using trapezoidal modeling, the PC of both inulin ( Fig. 2A) and iohexol ( Fig. 2B ) was significantly decreased after 1 week of the adenine diet. In contrast, plasma creatinine ( Fig. 2C ) and plasma urea (Fig. 2D ) levels did not become significantly elevated until week 4 of the adenine diet. A significant increase in plasma cystatin-C elevated was observed by week 3 (Fig. 2E) . Change in trapezoidal plasma clearance of both iohexol and inulin and endogenous biomarkers: plasma creatinine, urea, and cystatin-C by week of adenine diet-induced kidney dysfunction. Results analyzed using a repeated measures one-way ANOVA with post hoc paired T-tests with a Tukey correction on the P-value comparing each week to week 0 (*P < 0.05, **P < 0.001, ***P < 0.0001). Error bars show SD. (F-J) The kidney function estimated by inulin plasma clearance as a reference method and the % estimated by the biomarker or iohexol were plotted against each other. An F-test was employed to determine whether a straight line or sixth-order polynomial fit the data better and the result was plotted. Iohexol plasma clearance fit a straight line. Creatinine, urea, and cystatin-C fit to a sixth-order polynomial. Gray dotted line indicates inulin plasma clearance plotted against itself -unity. Iohexol PC and levels of creatinine, urea, and cystatin-C were compared to gold standard trapezoidal inulin clearance (Fig. 2F-J) . Iohexol plasma clearance was very similar to inulin plasma clearance (Fig. 2J) . In contrast, changes in creatinine, urea, and cystatin-C were not evident until kidney function had dropped by nearly 40-50% (Fig. 2G-I) . Evident from Figure 2H , cystatin-C exhibited higher agreement with inulin trapezoidal plasma clearance on average, however, displayed more variability.
Comparison of iohexol and inulin PC using trapezoidal, two-compartment, and onecompartment models
Comparative values between all PC metrics and their biases are presented in Table 1 . On average, the iohexol trapezoidal model had low bias (0.04 mL/min), high precision (0.23), and a high 15% accuracy (85%) as compared to gold standard inulin trapezoidal. The linear regression coefficient between the two was R 2 = 0.97. The trapezoidal approximation was compared to the one-and two-compartment models for both inulin and iohexol plasma clearance. For inulin, despite the strong correlation with its trapezoidal approximation counterpart, the one-compartment (R 2 = 0.98) and two-compartment (R 2 = 0.97) models introduced large negative biases (À26.6 AE 7.3%, À19.9 AE 7.51%) which became worse at a higher GFR (Fig. 3B) . Furthermore, <5% of the measurements fell within 10% of the reference measure with either of the models (Table 1) .
In contrast, with iohexol, there was less impact on the one-and two-compartment models on the determination of kidney function (Table 1, Fig. 2C,D) . Specifically, both the one-and two-compartment models had high degree of agreement (R 2 = 0.98, 0.97) and much less bias (À3.7 AE 8.0%, À5.5 AE 9.5%) compared to the trapezoidal method, and the majority of measurements fell within 10% of the reference measure for both models (78.3%, 74.4%).
Simplifying the one-compartment method to two-sample time points
Given that the alpha phase of PC was determined to be complete by 30 min only, values between 30 and 120 min were used for the two-point one-compartment assessment of kidney function (Table S1 ). Analysis using the 30-and 90-min time points had the overall, strongest agreement (R 2 = 0.94-0.97), and accuracy regardless of the method of assessment (Table 2 ). Figure 4 (A-B) shows this two-sample assessment yielded very similar GFRs to the trapezoidal full dataset, having negligible bias (À0.04 AE 0.15 mL/ min). There was also a similar decline in GFR, decreasing significantly 1 week after starting the adenine diet (Fig. 4C) . In contrast, no simplification of this type was possible using inulin PC, as the one-compartment model introduced such a large bias. 
Discussion
Plasma clearance (PC) of either iohexol or inulin, regardless of the model, detected a significant decline in kidney function weeks before any of the endogenous markers. Plasma creatinine or plasma urea did not significantly change despite inulin-based assessments indicating that GFR had dropped by~50%. Although plasma cystatin-C was found to have a higher agreement with the gold standard than the other endogenous markers, the high degree of variability would still limit its utility, particularly as it has been shown to increase during periods of acute inflammation ( assessment of kidney function, our literature search revealed that 93% of papers exclusively rely on these markers. These results, together, suggest that many studies may be at risk for underestimating or missing significant kidney dysfunction. The relationship of the endogenous markers with plasma clearance reflects a trend that is appreciated in clinical practice, due to the kinetics of a constantly produced marker: the delayed rise of endogenous markers early on in kidney dysfunction and then exacerbated rise as kidney function worsens. In rat models of kidney decline, evaluations of kidney dysfunction are far less standardized and limitations of endogenous markers may be more easily overlooked.
Inulin and iohexol showed high agreement with each other using the models that encompassed all 12 time points (trapezoidal and two-compartment) . This suggests that iohexol plasma clearance using 12-sample points characterizes kidney function as accurately as validated reference measures of inulin plasma clearance. A limitation of this study is that we did not compare iohexol plasma clearance to urinary clearance of inulin. Plasma clearance of inulin was chosen as it has been shown to have high agreement with urinary clearance (Sturgeon et al. 1998; Qi et al. 2004 ) and allows to compare longitudinal evaluations, as urinary clearance is often terminal.
A one-compartment model assumes that the first phase of distribution of a substance into the extracellular fluid is negligible. The results of our study show that this is an inappropriate assumption for inulin PC as the simplification to a one-compartment model introduced a large bias. Furthermore, in conditions with significant variation in extracellular fluid content (e.g., obese strains), the impact on accuracy may be even greater, although this has not been shown. Iohexol displayed a different pharmacokinetic profile such that simplification to a one-compartment model introduced minimal bias. Inulin is a large (2000-5000 g/mol) polysaccharide chain, whereas iohexol is relatively small (821 g/mol) iodinated molecule. Although full pharmacokinetic characterization and comparison of the two molecules have not been completed, it is likely that the differences will be related to factors such as the size of the molecules and the rate of equilibration with extracellular fluid. A previous study was completed in rats validating iohexol plasma clearance which yielded fair, although poorer, results with the agreement of iohexol and inulin measures of GFR (Passos et al. 2015) . This study used only four samples in total using a two-compartment model of clearance. The methodology involved an intraperitoneal injection of iohexol, which has lower bioavailability, and a longer period of equilibration, making the plasma clearance less suitable for one-compartment modeling. A tail vein injection, used in this study can be done without anesthesia and has much higher availability and as the results indicated, negligible equilibration time making this method more suitable for one-compartment modeling. A two-sample protocol, such as the one suggested here, using iohexol, has been proposed in humans (Ng et al. 2011 ).
An important finding of this study was that the twosample iohexol method (30 and 90 min) closely approximated the 12-sample clearance models of iohexol with very high accuracy, and almost no bias and minimal loss of precision. It was determined that the first sample time must be obtained after the first compartment of clearance (in this model 30 min+) and the second sample needs to be taken when there are still measurable marker concentrations. For example, the 30 and 120 time points yielded less accurate GFR estimation, which may be due to low marker concentrations, where measurement error will have an even greater impact on GFR estimations due to the log-linear relationship.
In conclusion, this study demonstrated that a simplified two-sample determination of iohexol PC is feasible and accurate and could be employed in large-scale animal studies that require measurement of kidney function. The findings also reinforce the marked lack of accuracy of endogenous markers to detect mild-to-moderate declines in kidney function.
